INTRODUCTION {#sec0005}
============

Parkinson's disease (PD) is the second most common neurodegenerative disorder. Nearly 6.2 million individuals are currently affected worldwide, and some studies have estimated that its incidence is sharply increasing \[[@ref001]\]. This increase will pose a greater public health challenge as global populations continue to age, thus requiring new strategies for early and accurate diagnosis of PD and for its proper monitoring and management.

Gait kinematic changes and spatiotemporal characteristics are hallmarks of PD and are used in its diagnosis \[[@ref002]\]; in addition, identification of bradykinesia, resting tremor, postural instability, and rigidity are fundamental to the neurological evaluation of patients with a suspected parkinsonian syndrome. Motor changes in PD patients primarily affect the lower limbs and are associated with an increased risk of falls. However, recent studies have shown that changes in arm movements are also frequently reported, even in early stages of the disease \[[@ref003]\]. These changes are usually characterized by a diminished arm swing, particularly on the side of the body that is more affected by the disease \[[@ref004]\], and by a reduction in bilateral arm coordination, which increases the asymmetry between the upper limbs \[[@ref005]\].

Motor asymmetry can be assessed and described qualitatively using clinical tests such as the Movement Disorder Society's Unified PD Rating Scale (MDS-UPDRS) score. However, changes in arm swing can be subtle and are influenced by age \[[@ref007]\], which makes their assessment challenging, particularly for non-experienced care providers. Recent technological advances have resulted in specific devices that quantitatively assess gait, and objective gait evaluation is becoming increasingly common. However, analysis of upper limb movements is intricate and generally requires a gait and biomechanics laboratory. These complex systems are rarely available for direct use in medical consultations.

Based on previous studies using sagittal plane shoulder views to characterize arm movements \[[@ref008]\], we hypothesized that arm swing changes in early-stage PD patients could be identified using a portable, low-cost, RGB-D depth-sensing camera \[[@ref009]\]. In this study, we used this low-cost method to address the following two aims: to assess the differences in arm swing between PD patients and healthy participants and to investigate the possible effects of aging on these arm swing differences.

METHODS {#sec0010}
=======

Design {#sec0015}
------

This observational, single-center study evaluated gait-linked arm swing changes in early-stage PD patients using an RGB-D camera coupled to a signal processing software \[[@ref009]\]. This study was conducted between June and December, 2016, by the Movement Disorders Research Team of the neurology service at the Fundación Valle del Lili Academic Hospital and by the Informatics and Telecommunications Research Group i2t from Icesi University, Cali, Colombia. Institutional review board approval was obtained prior to commencing the study, and all participants provided written informed consent before participation.

Participants {#sec0020}
------------

PD was diagnosed by a movement disorders specialist according to published guidelines. Early-stage PD was defined as Hoehn and Yahr stage I or II. All participants in the PD group were treated with a dopaminergic agonist and were evaluated while in the "on" state. An expert neurologist confirmed the absence of dementia and any other neurological conditions or severe comorbidities that could affect gait. No participant had a history of disease or surgery in the upper extremities, and all could walk independently without a walking aid. The inclusion criteria for the control group were the absence of any neurological disease or any severe comorbidity likely to affect movement, absence of dementia, and independent mobility without a walking aid.

Clinical evaluation of gait {#sec0025}
---------------------------

### Instruments {#sec0030}

Assessing patients' disease severity was important because it could affect the motor manifestations that were the primary objective of this study. Disease severity was evaluated using the MDS-UPDRS part III, and the risk of falls and postural instability were assessed using the Freezing of Gait Questionnaire (FOGQ) and Dynamic Gait Index (DGI), respectively.

### Definition of clinical asymmetry {#sec0035}

Effects of PD are asymmetrical during its onset, which is associated with the asymmetrical degeneration of the substantia nigra \[[@ref004]\] and the nigrostriatal circuits. To evaluate the asymmetry in patients and differences in motor involvement between limbs, clinical asymmetry was defined as the difference between the summed UPDRS scores of the left and right sides of the body, considering only the upper limbs (i.e., UPDRS scores 3.3--3.6 and 3.15--3.17). The side with the higher UPDRS score was defined as the more-affected \[[@ref010]\].

Arm swing analysis {#sec0040}
------------------

All participants underwent a single gait analysis session to assess their arm movements during gait while they walked along an indoor corridor 4 m long and 1.5 m wide. The corridor was free from interference, and light and air movement conditions were controlled. Body segments were tracked with an e-Motion capture system, which used an RGB-D camera (Kinecttrademark Version 1) as a sensing device with software developed by the i2t research group at Icesi University. Participants were instructed to start at the beginning of the corridor and walk at a normal pace toward the camera. Each participant performed three walking trials.

Data management and processing {#sec0045}
------------------------------

The acceptable capture area was restricted to a distance of 1.5--3.5 m from the camera ([Fig. 1A](#jpd-8-jpd181401-g001){ref-type="fig"}), which was able to record at least one full gait cycle per limb during each walking trial. The data were captured and then processed using digital signal processing techniques, with the hip joint center used as a reference point to obtain a time/distance representation. Based on the wrist joint movements, we calculated the following variables: *arm swing magnitude*, defined as the distance traveled by the wrist in the anterior/posterior direction with respect to the hip joint center \[[@ref005]\] ([Fig. 1B](#jpd-8-jpd181401-g001){ref-type="fig"}); *arm swing time*, defined as the time the wrist took to travel the distance between the maximum anterior and maximum posterior points during an arm swing cycle; *arm swing speed*, calculated as the distance traveled by the arm (arm swing magnitude) per unit of time (arm swing time); and *arm swing asymmetry* (ASA), calculated using the method proposed by Zifchock et al. and used by Lewek et al. \[[@ref011]\] that defines ASA as the relationship between the arm swing magnitudes using the following equation: $$\mathit{ASA} = \frac{\left\lbrack {45^{\circ} - \mathit{arct}\left( \frac{\mathit{Arm}\mspace{9mu}\mathit{Swin}\_\mathit{more}}{\mathit{Arm}\mspace{9mu}\mathit{Swin}\_\mathit{less}} \right)} \right\rbrack}{90^{\circ}} \times 100\%$$

![General setting and results obtained with e-Motion system. A) Capture area. B) Arm movement in the sagittal plane.](jpd-8-jpd181401-g001){#jpd-8-jpd181401-g001}

ASA represents the asymmetry in arm swing magnitude between the arms, with a value of 0 indicating that both arms display exactly the same arm swing magnitude \[[@ref005]\].

###### 

General characteristics of the sample

  Variables                PD patients (*n* = 25)   Healthy subjects (*n* = 25)   *p*-value
  ----------------------- ------------------------ ----------------------------- -----------
  Age^\*^                                                                        
    Years (Median, IQR)       67 (IQR 63 --75)           67 (IQR 63 --75)        
    40--59                        5 (20%)                     6 (24%)               0.98
    60--66                        6 (24%)                     6 (24%)            
    67--75                        8 (32%)                     7 (28%)            
    76--88                        6 (24%)                     6 (24%)            
  Gender^\*^                                                                     
    Male                          13 (52%)                   15 (60%)               0.59
    Female                        12 (48%)                   10 (40%)            
  Education^\*^                                                                  
    Elementary school             8 (32%)                     4 (16%)               0.28
    High school                   8 (32%)                     7 (28%)            
    Graduate                      9 (36%)                    14 (56%)            
  Occupation^\*^                                                                 
    Employee                      7 (28%)                    11 (44%)               0.77
    Housewife                     6 (24%)                     4 (16%)            
    Retired                       12 (48%)                   10 (40%)            
  Test                                                                           
    MoCA test^\*\*^           22 (IQR 16--26)            22.5 (IQR 21--24)          0.55
    GDI^\*\*^                 21 (IQR 19--23)             23 (IQR 21--24)           0.29
    MDS-UPDRS                  36.8 (±13.41)                    --                   --
    FOGQ                        6.16 (±4.74)                    --                   --

^\*^*n* (%), Chi-2 test. ^\*\*^Median (IQR: Interquartile range), Mann-Whitney test. Bold values, *p* \< 0.05. MoCA, Montreal Cognitive Assessment; GDI, Gait Dynamic Index; MDS-UPDRS, Movement Disorder Society Unified Parkinson's Disease Rating Scale; FOGQ, Freezing of Gait Questionnaire.

Statistical analysis {#sec0050}
--------------------

The participants were divided into age group quartiles. Continuous variables were reported as the mean and standard deviation if they were normally distributed or as the median and interquartile range (IQR) if they were not normally distributed. Baseline characteristics were compared between the groups. Chi-square test was used to compare categorical variables, and gait parameters were compared using the Mann--Whitney U test based on data distribution. Finally, we conducted a receiver operating characteristic (ROC) analysis to identify the cut-off points for the arm swing parameters that optimally discriminated between the PD patients and healthy participants. A statistically significant difference was indicated by a *p*-value of ≤0.05. Statistical analyses were performed using STATA^®^ 13.0 software.

RESULTS {#sec0055}
=======

Sociodemographic characteristics and clinical evaluation {#sec0060}
--------------------------------------------------------

Fifty participants (25 with PD aged 45--87 years and 25 age-matched healthy subjects aged 46--88 years) were recruited for this study. The sociodemographic characteristics of the participants are shown in [Table 1](#jpd-8-jpd181401-t001){ref-type="table"}. Both groups had a median age of 67 years (IQR 63--75 years). Participants with PD were stratified by age to assess the effects of age-related gait changes. No significant differences (*p* \< 0.05) were found when comparing the groups by sex or age.

The median disease duration from onset was 6 years (IQR 1--7 years). Of the PD patients, 16% were classified as Hoehn and Yahr stage I, and the remaining 84% were classified as stage II. According to Stebbins's criteria \[[@ref012]\], 18 patients displayed the postural instability/gait disorder PD subtype and 7 patients displayed the tremor-dominant PD subtype. The mean MDS-UPDRS score was 36.88 (±13.41), the median DGI was 21 (IQR 19--23), and the mean FOGQ score was 6.16 (±4.74). According to the MDS-UPDRS scores for each upper limb, 52% of the PD group was classified as having left-sided PD and 40% as having right-sided PD, with the remaining 8% classified as symmetrical.

In the age stratification analysis of PD patients, those aged 60--66 years had high MDS-UPDRS (43±13.8) and FOGQ (7.1±5.2) scores and low DGI scores (20.5, IQR 19--21) ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). Similarly, those aged 76--88 years had high MDS-UPDRS (43.5±8.8) and FOGQ (7.1±5.2) scores and low DGI scores (21.5, IQR 12--24). These results suggested that those aged 60--66 and 76--88 years had greater motor compromise and postural instability. They had also experienced at least one freezing of gait episode in the previous week, which could be related to a higher risk of falls.

Patients aged 40--59 years had the lowest FOGQ, the highest DGI, and the second lowest MDS-UPDRS scores, suggesting that this group was less affected by PD. These findings could be explained by the shorter disease duration (1 year, IQR 0--2) compared with that of the older age groups. Although the median PD duration for patients aged 67--75 years was 6 years, their mean MDS-UPDRS score was 30.3±8.1, which was lower than that of the other groups.

Arm swing evaluation {#sec0065}
--------------------

A comparison of the arm swing parameters, measured with the e-Motion capture system, is shown in [Table 2](#jpd-8-jpd181401-t002){ref-type="table"}. Compared with the control group, the PD group showed significant reductions in arm swing magnitude (left, *p* = 0.002; right, *p* = 0.006) and arm swing speed (left, *p* = 0.002; right, *p* = 0.004) and significantly greater ASA (*p* \< 0.001).

###### 

Arm swing differences between PD patients and the healthy subject group

  Arm swing variables      Left wrist (n:50)        *p*-value         Right wrist (n:50)          *p*-value                          
  --------------------- ----------------------- ------------------ ------------------------ --------------------- ------------------ -------------------
  Arm swing magnitude            0.16                  0.26           **0.002^**\***^**             0.16                 0.26         **0.006^**\***^**
                            (IQR 0.08--0.2)      (IQR 0.17--0.33)                             (IQR 0.09--0.24)     (IQR 0.20--0.34)  
  Arm swing time                 0.99                  1.09                  0.17                   0.98                 1.05               0.17
                           (IQR 0.93--1.12)      (IQR 0.94--1.15)                             (IQR 0.90--1.03)     (IQR 0.96--1.12)  
  Arm swing speed                0.16                  0.25           **0.002^**\***^**             0.14                 0.26         **0.004^**\***^**
                            (IQR 0.08--0.2)      (IQR 0.18--0.29)                             (IQR 0.09--0.21)     (IQR 0.18--0.31)  
  Variables                   PD patients                              Healthy subjects           *p*-value                          
  Arm swing asymmetry    0.16 (IQR 0.09--0.23)                      0.063 (IQR 0.03--0.08)   **\<0.001^**\***^**                     

Median (IQR: Interquartile range), Mann-Whitney test. Bold values, *p* \< 0.05.

###### 

Arm swing differences between PD patients according to the clinical asymmetry distribution

  Variables                    Left-sided PD (n:26)   *p*-value   Right-sided PD (n:22)   *p*-value         
  --------------------------- ---------------------- ----------- ----------------------- ----------- ------ ------------------
  Arm swing magnitude left             0.10             0.26        **0.001^**\***^**       0.20      0.27         0.32
  Arm swing magnitude right            0.21             0.24              0.42              0.11      0.25   **0.01^**\***^**
  Arm swing time left                  0.93             1.08              0.06              1.07      1.12         0.87
  Arm swing time right                 0.99             1.05              0.85              0.96      1.04         0.06
  Arm swing speed left                 0.10             0.23          **0.001**^\*^         0.19      0.26         0.49
  Arm swing speed right                0.19             0.26              0.29              0.12      0.23     **0.02**^\*^
  Arm swing asymmetry                  0.16             0.06          **0.01**^\*^          0.25      0.08    **0.002**^\*^

Median, Mann-Whitney test. Bold values^\*^, *p* \< 0.05.

The age stratification analysis ([Table 4](#jpd-8-jpd181401-t004){ref-type="table"}) reported significant differences for ASA in the 40--59-year group (*p* = 0.001); this group had the highest percentage of Hoehn and Yahr stage I patients (60%) and a shorter disease duration. In the 60--66-year group, significant differences were found for bilateral arm swing magnitude (left, *p* = 0.037; right, *p* = 0.001) and right arm speed (*p* = 0.01); differences in left arm speed almost reached statistical significance (*p* = 0.054). No significant differences were found between the 67--75-year and 76--88-year groups.

###### 

Arm swing differences between PD patients according to the age group distribution

  Variables                    40--59 years (n:10)   *p*-value   60--66 years (n:12)   *p*-value   67--75 years (n:16)       *p*-value       76--88 years (n:12)   *p*-value                       
  --------------------------- --------------------- ----------- --------------------- ----------- --------------------- ------------------- --------------------- ----------- ------ ------ ------ ------
  Arm swing magnitude left            0.17             0.30             0.14             0.07             0.24           **0.03^**\***^**           0.19             0.25      0.24   0.12   0.26   0.33
  Arm swing magnitude right           0.19             0.25             0.36             0.14             0.32           **0.001^**\***^**          0.17             0.23      0.35   0.19   0.27   0.33
  Arm swing time left                 1.01             1.04             0.46             0.98             1.14                 0.07                 1.01             1.08      0.72   1.00   1.07   1.00
  Arm swing time right                0.99             1.10             0.58             0.99             1.03                 0.74                 0.99             1.05      0.72   0.97   1.04   0.26
  Arm swing speed left                0.17             0.27             0.14             0.07             0.24                 0.05                 0.18             0.27      0.20   0.13   0.21   0.33
  Arm swing speed right               0.19             0.24             0.36             0.14             0.31           **0.01^**\***^**           0.16             0.24      0.34   0.18   0.24   0.26
  Arm swing asymmetry                 0.23             0.04       **0.001^**\***^**      0.18             0.07                 0.26                 0.12             0.07      0.16   0.16   0.06   0.05

Median, Mann-Whitney test. Bold values^\*^, *p* \< 0.05.

Clinical asymmetry analysis {#sec0070}
---------------------------

For the clinical asymmetry analysis, we compared the more-affected side of the PD patients with the same side of the matched control group participants ([Table 3](#jpd-8-jpd181401-t003){ref-type="table"}). In the left-sided PD group, we found significant differences between the participants and controls in arm swing magnitude, arm swing speed, and ASA of the left wrist; in the right-sided PD group, we found significant differences between the participants and controls in arm swing magnitude, arm swing speed, and ASA of the right wrist. We did not compare the symmetrical group because of the limited sample size. We compared the more-affected limb detected by the motion capture system with that identified by the MDS-UPDRS scores; the results showed that our device recognized the more-affected side in 80% of cases.

ROC analysis {#sec0075}
------------

Finally, an ROC analysis was performed for ASA ([Fig. 2](#jpd-8-jpd181401-g002){ref-type="fig"}). The optimal ASA cut-off value for detecting a participant with PD was ≥0.11. This cut-off provided a sensitivity of 72%, a specificity of 84%, and an area under the curve of 0.78 (0.64--0.91), which indicates that ASA could correctly differentiate controls from PD patients in 78% of cases.

![Receiver operating characteristic (ROC) curve for arm swing asymmetry. The ROC curve it is a plot of the true positive rate against the false positive rate for the different possible cut points of a diagnostic test. In this case we present the plot for Arm Swing Asymmetry (ASA). The overall result of the Area Under the Curve (AUC) of 0.78 means that ASA is capable to adequately differentiate patients from controls in the 78% of cases which means that the accuracy of the diagnostic test is fair.](jpd-8-jpd181401-g002){#jpd-8-jpd181401-g002}

DISCUSSION {#sec0080}
==========

The main objective of this study was to characterize arm swing in PD patients and healthy participants using a portable RGB-D camera. Our results confirmed that arm swing kinematics differed between the groups with and without PD: patients with PD moved their arms more slowly, more stiffly, and more asymmetrically than the controls \[[@ref013]\]. Their global bradykinesia and upper limb rigidity limited their arm mobility, thus reducing wrist magnitude and speed during gait. However, there were no significant differences between the groups in the time traveled by each wrist during the gait cycle (arm swing time); we believe this can be explained by the PD patients' wrists traveling shorter distances, thereby compensating for their slower arm movements.

Some degree of asymmetry in arm movement is physiological, with significant differences between left and right arm swing magnitudes demonstrated in healthy subjects. However, the asymmetry can be much larger in pathological conditions such as PD \[[@ref015]\]. It can also be difficult to assess in some groups because age is an important factor affecting gait kinematics. Our results confirmed that age influenced arm movement. In our experience, ASA can be used to differentiate patients in the early stages of PD (Hoehn and Yahr stages I and II) from controls aged \<59 years. We believe that significant differences were observed in this younger age group because most of the patients had asymmetric motor involvement, whereas the controls did not present significant gait changes associated with aging. Although some authors have proposed that clinical asymmetry is maintained throughout the time course of PD \[[@ref007]\], there is evidence suggesting that PD patients cannot compensate by increasing their arm swing on the less-affected side, and thus, their movement tends to become more symmetric as the disease progresses. This could explain why ASA differences were observed to be significant only in the early stages of PD, particularly in patients with a recent diagnosis, such as those in the youngest age group in the present study.

Arm swing magnitude and right wrist speed were significantly reduced in the right-sided patients aged 60--66 years old. Although left wrist speed was not significantly slower in the left-sided PD patients, this difference almost reached significance (*p* = 0.054), possibly because most of the study patients had right-sided disease. Those aged \>67 years displayed a slight tendency to have smaller arm swing magnitudes and lower speed values than the controls, although these differences were not significant. This could be explained by the physiological slowness of the arm swing movements in older patients.

Given PD's asymmetry, it is important to identify the patient's more-affected side to complement diagnosis and follow-up as well as to access the clinical effectiveness of dopaminergic therapy. Our device was able to correctly differentiate the more-affected side, according to the MDS-UPDRS scores, in 20 out of 25 (80%) cases. For the five patients in whom the two methods did not agree, only two had differences greater than two points in the MDS-UPDRS scores for each arm.

Regarding the ROC curve results, ASA was able to correctly differentiate PD patients from healthy subjects in 78% of the cases, with a specificity of 84%. This finding indicates that ASA calculated using the e-Motion system is a fair variable to help diagnose PD. We chose our cut-off value of 0.11 based on the optimal cut-off point provided by the ROC analysis for our system, which indicates the point with the highest number of correctly classified patients. Furthermore, it was chosen knowing that the e-Motion system and ASA could be used as a diagnostic aid and not as a diagnostic test in the context of neurological consultation. Moreover, our cut-off results are similar to those described by other researchers \[[@ref016]\], but a larger sample is required to confirm our findings.

Limitations {#sec0085}
-----------

The main objective of this study was to characterize the walking pattern using arm swing variables; the other reference points and measurements obtained by the Kinect system were not considered. Gait kinematics have been proposed to help differentiate between tremor-dominant and postural instability/gait difficulty PD subtypes \[[@ref017]\], but the small number of patients with tremor-dominant subtype and clinical asymmetry of the disease has limited the analysis of some subgroups. Although the cut-off for ASA in the ROC analysis provided sufficient sensitivity and specificity to differentiate between patients in the early stages of PD and healthy participants, which could be useful to complement the diagnosis, future studies with more participants are necessary to confirm these findings. In addition, further advances in software and hardware are required to enhance the sensitivity of Kinect^®^ for kinematic measurements. Despite these limitations, we believe that this study's data collection strategy presents advantages in terms of cost, accessibility, and the small area required compared with gait laboratories.

Challenges and future research {#sec0090}
------------------------------

Precision medicine is a growing new field that allows the objective characterization of patients. There is a need to develop new approaches using new, wearable sensor technology and big data analysis, which could help classify and manage PD even in the early and prodromal stages. In our case, the e-Motion system is a diagnostic aid that could be used, along with other complementary technologies, to improve and quantify gait assessment of patients with neurological diseases such as PD. Although the Kinect system is no longer in production, there are other RGB-D cameras that can implement the e-Motion software. The operation of these cameras does not require specialized training and can be placed in the clinical context without making significant adjustments to the test area; therefore, its adaptability is good. In future research, evaluating more subjects will establish cut-off points that could help differentiate between subjects with PD and controls, helping monitor the disease's symptoms and severity.

Conclusions {#sec0095}
-----------

The e-Motion system is portable and can be used in a clinical context to assess the arm movements of early-stage PD patients. ASA, arm swing speed, and arm swing magnitude are useful for differentiating PD patients from healthy individuals. The analysis of arm swing variables should be stratified by age, and the validity of the analysis may be questionable in patients aged \>67 years.
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